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Abstract:
Green stormwater infrastructure (GSI), specifically ecoroofs, is increasingly seen
as an effective stormwater management tool in urban planning strategies. However, the
literature suggests that ecoroofs can be sources of certain metals and nutrients. The goal
of our study was to address two research questions: 1) How does ecoroof runoff compare
to conventional roof runoff chemically: do ecoroofs retain certain chemicals and leach
others? and 2) what are the roof characteristics and environmental variables that affect
runoff quality? For 10 months, runoff events from an ecoroof were compared to those of
a conventional roof; water samples were collected with autosamplers, and flow was
measured with a flow meter. Samples were analyzed for metals by mass spectrometry,
and nutrients were analyzed by colorimetry. The ecoroof retained about 38% of the 577
mm of rainfall measured during the sampling period, and retention was closely associated
with temperature and storm intensity. The ecoroof was a net source of Al, Fe, and PO 4-3
while retaining chemicals that were a source from the conventional roof such as Zn and
Cd. Ecoroof orthophosphate unit area loads were controlled by precipitation and
temperature. More research needs to be done to improve ecoroof technologies including
water treatment residuals, biochar, and mycorrhizae inoculation, which may help prevent
the release of pollutants from ecoroof media.
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Introduction

The Urban Environment and its Concerns
The growth of urban environments will increase the ecological impact of cities
(Grimm et al., 2008). Increasing impervious surfaces, like roads, sidewalks, driveways,
roofs and building footprints, lessens precipitation infiltration into the ground, increasing
the velocity and intensity of water runoff into urban streams (Arnold, and Gibbons, 1996;
Paul, and Meyer, 2001). Urban runoff can increase the runoff intensity and peak flows of
rivers, changing physical morphology, increasing depth, erosion, and scouring (Anim et
al; 2017, Walsh et al; 2005).
Dry and wet deposition of atmospheric metals, from sources such as the burning
of fossil fuels, can contribute to at least half of the pollutants in stormwater (Sabin et al.
2005). The runoff from urban environments is often too warm and, in addition to metals,
can be contaminated with harmful chemicals and excessive nutrients, leading toxicity and
eutrophication of natural waterbodies (Carpenter et al., 1998; Paul, and Meyer, 2001),
interference with essential vertebrate biological functions (Wang et al. 2013, McIntyre et
al. 2014), and vertebrate die offs (Scholz et al. 2011, Wu et al. 2014, McIntyre et al.
2015).
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Ecoroofs as a Stormwater Management BMP
A strategy for mitigating the environmental impact of urbanization is to decrease
the extent of impervious surfaces by increasing the amount of natural vegetation in cities,
allowing for reduction in runoff quantity and velocity. Best management practices
(BMPs) include bioretention facilities (i.e., planters and rain gardens), pervious asphalt
and concrete, and ecoroofs, also known as green roofs (Dietz, 2007). Ecoroofs are
increasingly becoming important tools in vegetation-based stormwater management of
cities for reducing urban runoff and increasing its quality. For instance, the City of
Portland promotes ecoroofs for both onsite stormwater management and city zoning code
(City of Portland, N.D).
Ecoroofs offer important hydrological ecosystem services to the urban
environment along with reducing impervious surface area. All over the world, in cities
such as Toronto, Canada (Van Seters et al. 2009), Chongqing, China (Zhang et al. 2015),
and Portland, Oregon (Schroll et al. 2011; BES 2013), much research has gone into
measuring the precipitation retention of these systems. Studies suggest the typical
precipitation retention of ecoroofs range from about 35.5 % to 70 % depending on roof
size, configuration, and climate (Van Seters et al. 2009; Zhang et al. 2015). The
precipitation retention of ecoroofs in the climate of Portland, Oregon, ranges from 12% to
70% depending on substrate depth (Spolek 2008; BES 2013).
On the other hand, stormwater runoff quality from ecoroofs has been difficult to
measure and has produced mixed results in past studies. Table 1 is a summary of various
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ecoroof water quality studies which highlights the instances of when select
concentrations of chemicals of ecological concern from ecoroof runoff exceed
conventional roof runoff. Ecoroof runoff concentration data tends to have variable
results. Due to this variability, it is important to further examine these chemicals and
what factors affect them, to better predict ecoroof behavior in order to prevent
unintentional ecosystem disservices.
In terms of ecoroof test trays, concentrations of Na, Mg, Fe, and NO3-, and Pb
tend to be higher in some media and plant combinations and test plots, but ecoroofs have
been shown to sometimes retain dissolved Cu and Zn concentrations in the runoff (Van
Seters. 2009; Vijayaraghavan et al. 2012; Zhang et al. 2015). On roof-scale ecoroofs
there have been inconsistent findings with how NO3- concentrations compare between the
runoff of precipitation, conventional roofs, and ecoroofs (BES 2013; Speak et al. 2014;
Buffam et al. 2016). However, Fe, Pb, and PO 4-3 are often of concern in ecoroof runoff.
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Table 1. A summary of ecoroof literature comparing instances when ecoroof runoff

concentrations are higher than conventional roof runoff. Grey denotes that ecoroof
runoff was not higher than the conventional roof, black denotes ecoroof runoff was
higher than conventional roof, white denotes no data.

Author
Vijayaraghavan et al. (2012)
Zhang et al. (2015)
Speak et al. (2014)
BES (2013)
Buffam et al. (2016)
Okita et al. (2018)
Van seters et al. (2009)

Roof Description
4 modular test roofs that were 1 sq.m
1 sq. m modular ecoroof
408 sq. m intensive ecoroof
2520 sq. m ecoroof.
46 sq. m ecoroof
70.6 sq. m and 256 sq. m ecoroof
241 sq. m ecoroof

Location
Al
Singapore
Chongqing
Machester, England
Portland, Oregon
Ohio
Portland, Oregon
Toronto, Canada

Cu

Fe

Zn

Pb

P(Total or Ortho) N (NO3 or total N)
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There are a few potential reasons why the results of these studies vary so much.
One potential explanation of the variance of results between the studies is seasonality.
There is evidence that temperature, a proxy for seasonality was correlated with the
variation in runoff chemistry (Buffam et al. 2016). Additionally, there were higher levels
of Mg, Na, N, and P in summer compared to winter. Concentrations of Al, Fe, and Zn did
not appear to have much seasonality.
Another potential source of variability is the age of the facility. In Portland, Okita
et al. (2018), studied two ecoroofs that were 6-months old and 6 years old and found that
during the course of the study that total P and PO 4-3 were higher in runoff from both
ecoroofs compared to a conventional roof and that the newer roof had higher levels. Long
term analysis of multiple ecoroofs in Portland shows that ecoroofs tend to be higher in Pb
and PO4-3, and that conventional roofs tend to have higher concentrations of Cu, likely
due to roof material (Deshmukh, 2019). Additionally, it was found that total P and PO 4-3
levels were decreasing over time in multiple ecoroofs as well.
Finally, there is a difficulty in accounting for both runoff chemical concentrations
and discharge of the ecoroof. Looking at unit area load of metals and nutrients is
important as it is the value incorporates both of those variables. It is important to note
that if only concentrations are examined instead of also unit area loading, different
conclusions may be drawn. A study in Toronto found that a 241 m 2 ecoroof had higher
unit area loads of total P, PO4-3, and Pb compared to a 131 m2 conventional roof, while
the conventional roof had higher unit area loads of Al, Cd, Cr, Cu, Fe, and Zn (Van
Seters et al. 2009). Zhang et al. found higher unit area loads of NO 3-, but found that
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ecoroofs had lower unit area loads of dissolved Cu, Fe, Zn, and Pb. Findings from these
two studies are mostly consistent in terms of metals but not with respect to nutrients.
More work is needed to clarify these discrepancies and build a growing body of research
on this subject that can help elucidate the mechanisms explaining variation in the quality
of ecoroof runoff.

Study Objectives
By analyzing, the stormwater hydrology and chemistry of a seven-year-old
ecoroof on top of a commercial building we hoped to answer two major questions:1)
How does ecoroof runoff compare to the conventional roof runoff chemically and 2) what
are the roof characteristics and environmental variables that affect runoff quality? The
roof factors investigated were soil media and the contribution of metals from the roof
gutters. The environmental factors investigated include temperature, humidity, wind
speed, metal bulk deposition, antecedent dry period, precipitation, storm intensity, and
storm length. This research is important to further capture the variation in ecoroof
chemistry and attempt to understand the drivers of these variations with a high sample
collection frequency.
As stormwater management practices are expanding to utilize green
infrastructure, it is important that we understand these processes to both avoid unintended
consequences as well as to maximize potential benefits. This information can also be
used to inform future design decisions.
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Methods
A flow chart summary of the method design is provided in Appendix H.
Site Conditions
The study took place at a commercial building located in North Portland, Oregon
(longitude=-122.59611111, latitude=45.59555556), from August 2018 to the beginning
of June 2019 (Figure 1). Portland has a temperate climate, in which temperatures range
from about 6 C to 11 C annually with an average precipitation of about 940 mm, with
about 95% of the city’s precipitation occurring between August and May (NOAA, 2020).
The roof was completed in 2013 and covers approximately 6,700 m 2. The building roof
has two portions, an ecoroof on the west half, and a conventional roof on the east half
(Figure 2).

Figure 1. Birds eye view of the ecoroof research site.
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Figure 2. Rooftop view of ecoroof and conventional roof project site.

The ecoroof itself is divided into 3 sections that are about 1,200 m 2 each, that
differ in growing media depth: the southernmost section is 127 mm in depth, the middle
section ranges from 76 mm to 127 mm, and the northernmost section is about 76 mm
depth. The growing media is a blend of pumice, and compost (Figure 3). There is a
capillary fabric underneath two layers of growth media and then a layer of scoria rock on
top. The purpose of the filter is to distribute the moisture evenly in the media and allow
water to flow through easily.
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Figure 3. Schematics of the ecoroof layers (Miller, Personal communication, August 2 nd,
2019).
The southernmost drainage section of the conventional roof, which catchment
area totaled about 1,468 m2, and the ecoroof runoff, accelerated by siphonic drains, are
routed separately through to the southern part of the building and into Contech filters and
vegetated facilities respectively.
The ecoroof has many types of plants: Sedum takesimense, Dianthus deltoides,
Erodium cicutarium, Plectritis congesta, Sedum divergens, and Sedum kamtshaticum
(Figure 4). While many of these plants are evergreen, they flower from May to July. The
roofs were maintained regularly by the building owner through activities such as removal
of non-desirable vegetation and seeding additional plants. The roof was not fertilized
during the study.
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Figure 4. Examples of plants located on the ecoroof site. Top row left to right: Sedum
takesimense with Dianthus deltoides; Erodium cicutarium with Plectritis congesta,
Sedum divergens, and Sedum rupestre; Sedum floriferum. Bottom row: Dianthus
deltoides; Coreopsis, lanceolata; Plectritis congesta.
From February 9th, 2019 to February 11th, 2019 both the conventional roof and
ecoroof were covered in snow. In the months of November 2018 and December 2018,
there was minor leakage of water into the skylights of the building and the roof needed
repairs. As repairs were minor, samples from that period were still used.
While regular irrigation was not done during the duration of the study, there was
minor watering done during 3 storm events to test for leaks, and replanting during the
roof repairs. Watering occurred on September 7 th, 25th, and 27th 2018; February 15th
through 28th 2019; April 4th through 6th 2019; and finally, May 8th through 11th 2019.
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Runoff Field Sampling
Runoff flow from the southernmost drainage section of the conventional roof and
76 mm deep portion of the ecoroof was monitored with XL trapezoidal Plasti-Fab flumes
outfitted with Hach US9001 down-looking ultrasonic depth sensors set to average flow
measurements every 5 minutes (Figure 5). The meters and flume were maintained by the
Portland Bureau of Environmental Services (BES) personnel who also conducted QA/QC
once a month by testing the accuracy of the flow meters and flume by manually
measuring depth. The flow meter for the conventional roof was not registering flow at
the end of October 2018 but was replaced; as a result, the flow data for the month of
October was not included in our study for both roofs.
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Figure 5. The conventional roof flume, flow meter, and autosampler set up.

Ruoff samples were collected from the conventional roof and the 76 mm ecoroof
by 2 portable samplers (HACH AS950). The samplers connected to the flow meter were
programmed remotely using an online interface (FSDATA). The autosamplers triggered
when the runoff flow from the roof reached about 0.09 L/s. After the initial sampler
trigger, continued sampling was dictated by a pacing interval volume. The initial pacing
interval volume in summer was found by taking a typical estimated summer precipitation
depth and duration and calculating what the volume coming off the roof would be,
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resulting in approximately 1,869 L for the conventional roof and 1,303 L for the ecoroof.
As winter approached, the pacing interval volume was increased to about 2,800 L for the
conventional roof and 1,954 L for the ecoroof to account for increased flow and allow for
a similar number of samples during extended storms. For the month of April, it was
decided to increase the sampling frequency to characterize, in high resolution, how metal
and nutrient concentrations change during a storm event. This was achieved by reducing
the pacing interval volume, so that the conventional roof pacing interval volume was set
for about 1,331 L and the ecoroof pacing interval volume was set for about 935 L.
From the months of September through December, the autosampler for the
ecoroof was not completely collecting the samples to the bottle and in some
circumstances, samples needed to be combined until the arm was properly aligned.

Environmental and Roof Condition Field Sampling
Precipitation was measured using a tipping gauge on the roof which was part of
the City of Portland HYDRA Rainfall Network maintained by BES (Figure 6). The
precipitation values were aggregated into 5-minute intervals.
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Figure 6. HYDRA tipping rain gauge.

Atmospheric bulk deposition input was sampled by 3 collectors and gathered
around every 2 weeks (Figure 7). If no wet deposition had occurred, then 25 mL of 10%
HNO3 was added before collection. Samples were preserved with 10% HNO 3 for 24
hours before filtration 0.45-µm cellulose acetate or nylon filter. It is important to note
that this method determines the total bulk deposition of metals, while our runoff sampling
only determined the dissolved metal content.
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Figure 7. Bulk deposition collector.
Other environmental site conditions were recorded on site by a Campbell CR3000
Weatherstation with a Vaisala temperature/RH Probe and 03002-L Wind Sentry Set
which recorded 15 min averaged measurements of air temperature, wind speed direction,
albedo, solar radiation, and incoming and outgoing shortwave and longwave radiation
(Figure 8). Weather station data was downloaded once a month.
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Figure 8. Weatherstation.

From 2014 to 2018, 5 gallons of randomly sampled ecoroof substrate from the
ecoroof was collected annually and sent out each time to Penn State for analysis. The
parameters being analyzed were NO3-N, NH3-N, NH4, P, Ca, Na, B, Cu, Fe, Mg, Zn, Ca,
K, Mg, soluble salts, and pH. The results were used as a helpful guide to look at historical
roof trends.
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Lab procedures
Runoff samples collected by the autosampler were usually retrieved within 48
hours and filtered with 0.45-µm cellulose acetate or nylon filters. Beginning in October
2018, runoff samples for nutrient analysis were also collected, frozen and thawed the
night before analysis. If samples were collected more than 48-hours before we could
retrieve them, they were not selected for nutrient analysis, as there is a risk of microbial
interactions changing the concentrations in the sample. DI water blanks were also
collected in the field. Bulk deposition samples were preserved in 10% HNO 3 for 24 hours
before being filtered by a 0.45-µm cellulose acetate or nylon filter.
Runoff and bulk deposition samples were analyzed for metal concentrations using
an Agilent ICP-MS 7900 located in the Geology Department of Portland State
University for B, Na, Mg, Al, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Sr, Mo, Cd, Ba, and
Pb (Figure 9). Nutrient samples were analyzed with a SmartChem 170 discrete nutrient
analyzer (Unity Scientific, CT) located in the Environmental Science and Management
Department of Portland State University. N as NO3-NO2 (Method NO3-001-B) and
orthophosphate (Method PHO-004-A) were analyzed (Figure 10). For the runoff
samples, the lab blanks were subtracted to correct for reagent variability.
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Figure 9. The ICP-MS used for analyzing trace metal concentrations.

Figure 10. SmartChem used for analyzing nutrients.
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Data Analysis
All data was organized, manipulated, transformed, and analyzed with Rstudio
(RStudio team 2016). The packages used for data manipulation and visualization were
Tidyverse (Wickham et al.,2019), Lubridate (Grolemund and Wickham, 2011), and
gridExtra (Auguie 2015). The packages used for statistical testing were Vegan (Oksanen
et al., 2019), Factoextra (Kassambara and Mundt 2019), Farver (Lin et al., 2020), and
Lmtest (Zeileis and Hothorn, 2002).
Precipitation, conventional roof runoff, and ecoroof runoff were separated into
storm events, according to protocols established by BES, defined as having at least 0.254
mm of rainfall in the preceding 12-hour period, having at least 0.254 mm of rainfall in the
succeeding 12-hour period such that the total rain for the event was greater than 0.508
mm. There was also a 24-hour inter-event period. All discharge from the roofs was
considered part of the current storm event until the start of the next storm event and thus
certain storms had to be combined. All runoff flows under 0.04 L/s were removed to
adjust for baseline due to instrument noise from the flow meters readings standing water
as flow.
Storm duration, storm intensity, and antecedent dry period were calculated for
each storm event. Precipitation input volume was found by multiplying the precipitation
depth found for each storm event by the surface area of both the conventional roof and
the ecoroof. Runoff discharge output was found by multiplying the flow at each averaged
5-minute interval, multiplying it by the time between each interval and then binning them
per storm event. Roof retention for both roofs was calculated for each storm and in total,
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taking the precipitation input volume, subtracting the runoff volume, divided by the
precipitation input volume, and then multiplying by 100 (see Equation.1).
Equation 1:
(Precipitation Depth*Roof Surface Area-Discharge) * 100% = Retention
The average air temperature, relative humidity, and wind speed from the weather
station were also calculated for each storm event.
The total loads of metals and nutrients in the runoff of the roofs per storm event
were determined via integration and then added together for the sample period (see
Equation 2). There were two storms where we did not collect samples. To account for
this, we found the average concentration of each chemical over the entire sampling period
to estimate the event runoff concentration following the methods of Van Seters et al.
(2009). It is important to note that unit area loading for nutrients were only available for
17 out of 27 storm events.
Equation 2:
Unit Area Load = ∑ (Concentration * Flow * Change in Time / Roof
Surface Area)
For each chemical, the conventional roof unit area load was subtracted by the
ecoroof unit area load to observe the net differences between both roof types (see
Equation 3).
Equation 3:
Conventional Unit Area Load – Ecoroof Unit Area Load = Difference in
Unit Area Load
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Input from bulk deposition was determined by taking the concentration found
from each collector multiplied by the amount of water captured, dividing those values by
the surface area of the collector and then averaging the three collectors from that
collection period (see Equation 4). If load results from one of the collectors for a given
sampling period were extremely different from the other collectors’ load values, meaning
over 100 percent different, then results from that collector were discarded before
averaging for that sampling period. Finally, the averaged loads from each sampling
period were added together to give an overall estimate for the study duration. Discharge
and unit area loads were normalized by the surface area of each roof. Bulk deposition of
nutrients was not determined due to sample preservation methods.
Equation 4:
Bulk Deposition Concentration * Volume of Water in Collector / Roof
Surface Area = Bulk Deposition Unit Area Load
We compared the conventional roof and ecoroof in terms of runoff discharge, and
unit area load per storm. Our alpha values were 0.1 for all statistical tests used. All data
was tested for normality using the Shapiro-Wilks test. Equal variance was tested using
the F-test of equality of variances. Auto-correlation was tested using the Durbin-Watson
test, and if it failed the test, the data was analyzed with a partial-autocorrelation function.
The data was non-normally distributed and generally with unequal variance, even
with log transformation. To look at how hydrology (discharge and retention), and metal
unit area load runoff per storm between the two roofs were analyzed using a principal
component analysis (PCA). This data ordinates the storms from both roofs which allows
us to see the similarities and differences between the two systems. The data was scaled
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and centered as well. A broken-stick model was used to determine how many principal
component axes to interpret.
To test the differences between the discharge and unit area loads of metals and
nutrients between the two roof types a Welch Two Sample T-test was used.
To look at what environmental variables affect roof storm retention and
orthophosphate unit area loads multivariate linear regressions were utilized. Multivariate
linear regressions were performed on retention and PO 4-3. The response variables were
transformed using a Box-Cox transformation, the full model was created and checked for
multicollinearity. The full models were reduced using a stepwise function and the
residuals were tested for normality and equal variance. Finally, the full and reduced
models were compared using an ANOVA. Retention was analyzed using a multivariate
linear regression with storm length, storm intensity, air temperature, relative humidity,
and antecedent dry period as predictor variables. PO4-3 was analyzed with precipitation,
antecedent dry period, storm length, storm intensity, air temperature, and wind speed as
predictor variables.
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Results

Storms
A total of 30 storms were sampled from September 2018 through May 2019.
During this period, total rainfall was about 577 mm, with an average of 21.4 mm of rain
per event (Figure 11).

Figure 11. The histogram of the precipitation events over the sampling period over both
roofs organized in 10 mm bins.

The approximate antecedent dry period ranged from 1.1 to 21.5 days, with an average of
2.9 days. The storm length ranged from about 39 hours to about 27 days straight. The
average air temperature during storm events ranged from 0.8 to 15.9 degrees C (Appendix
A).

24

Hydrology
Discharge from the conventional roof totaled about 755,153 L of runoff over the
sampling period, ranging from about 7785 L to 96,305 L of runoff per storm event
(Figure 12). The ecoroof totaled about 491,387 L of runoff with a range of 0 L to 73,040
L of runoff per storm event. The average retention of the ecoroof across all storm events
was 29% and the total retention during the sampling period was about 38%.

Figure 12. The hyetograph and hydrograph of the conventional roof and ecoroof over the
sampling period.

Runoff Chemistry
Overall, 122 samples were collected from the conventional roof and 83 were
collected from the ecoroof (Appendix B). Over the sampled storms, 112 samples were
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captured on the conventional roof, with an average of about 4 samples per storm. There
were 65 samples captured during the storms of the ecoroof, with an average of about 2.4
samples per event.
The chemical concentrations tend to show hysteresis over the year, with higher
concentrations near the beginning of the water year (defined as October to September),
for both roofs and decreasing through the rest of the year (Figure 13). NO3- has a
different trend from other chemicals, decreasing as the water year starts and then
increasing again around spring time for the ecoroof. The ecoroof also appears to have an
increase in PO4-3 and NO3- concentrations during spring time.
Appendix C presents the mean, median, and range concentrations from the runoff
chemistry of the ecoroof and conventional roof. Several metals (As, Cd, Co, Cr, Mo, Ni,
Pb, Ti, and V) were present at extremely low concentrations with maximum
concentrations less than 15 ppb. Al, B, Ba, Cu, Mn, and Sr had maximum concentrations
of 400 ppb or less. The metals with the highest concentrations were Fe, Mg, Na, and Zn,
with maximum concentrations higher than 400 ppb. Concentrations of Al, As, B, Cr, Cu,
Mg, Na, Sr, Ti, V were higher in the ecoroof. Concentration of Al, Cr, Fe, and Zn started
off higher in the beginning of the sampling period.
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Figure 13. The roof stormwater runoff concentrations of select metals and nutrients of
ecological importance, or with an established in-stream water quality standard, criteria,
or benchmark, from the conventional roof (red), and ecoroof (blue), over the entire
sampling period.
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Figure 14. The Principal Component Analysis of ecoroof hydrology and unit area loads
over the 27 storm events.
The results of the PCA with the metals, discharge, and retention variables are
presented in Figure 14. The broken-stick model results determined that we can only
interpret the first principal component (PC1). PC1 explained about 46 percent of the
variation in the response variables (Appendix D). As less than half the variation in the
data can be explained by the PCA, this suggests a large amount of natural noise and
variance in these response variables. The main drivers of the variation between the roof
types in PC1 are soil metals and cations such as V, Mg, Sr, Na, Fe, As, B, and Al
(Appendix E). The storms from the conventional roof tend to be more closely clustered
together suggesting that they tend to be more similar to each other throughout the year,
while the ecoroof storms tend to be more variable. There also is an overlap between the
two groups, suggesting both roofs tend to act similar to each other overall often.
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Appendix F presents the total, mean, median, and range of the metal and nutrient
loads from the runoff of both roofs. The chemicals Al, As, B, Ba, Cd, Fe, Mg, Mn, Na,
PO4-3, Sr, Ti, V, and Zn are statistically significantly different for each roof (p<0.1). Al,
As, B, Fe, Na, Sr, Ti, and V tend to be higher in the ecoroof compared to the
conventional roof. Ba, Cd, Mn, and Zn are higher in the conventional roof.

Analysis of Environmental and Roof Variables
The results of the multivariate linear regression show that retention is
significantly negatively related to storm intensity and positively related to air
temperature, suggesting that seasonality and storm size are important predictor variables
(Adj.R2= 0.5266, p<0.001). The multivariate linear regression of PO4-3 shows that
precipitation is significantly positively related to the export of nutrients and negatively
related to air temperature (Adj.R2= 0.69, p<0.001).
In terms of bulk deposition concentrations and unit area loads inputs Al, Fe, and
Zn are the largest components of bulk deposition entering the roof system (Appendix G).
While the bulk deposition was collected with a different method than the runoff,
measuring total rather than dissolved metals, because dissolved Zn is higher in the runoff
of the conventional roof and dissolved Al and Fe is higher in the ecoroof runoff relative
to the total metal bulk deposition, this shows that each roof can be a source for those
metals.
Table 2. The total bulk deposition unit area load of metals entering the ecoroof research
site.
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While not taken at the same time each year, the historic annual analysis of soil
media chemistry shows that most of the components of soil media vary throughout the
years for chemicals such as NO3-N, NH4, P, Ca, Na, B, Cu, Fe, Mg, and Zn, they have
remained relatively steady. NH3-N has increased over time (Table 3), while pH, soluble
salts, and micronutrients such as Ca, K, and Mg have noticeably gone down.
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Table 3. The ecoroof media analysis over 4 years.

The concentrations of chemicals in the gutter blanks show that Al, Cu, Fe, Zn are
not coming from the gutter materials as those concentrations are essentially 0 ppb (Figure
15). Other chemicals might be contributing to the concentration of the runoff such as As,
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B, Ba, Cd, Co, Mg, Mn, Mo, Na, Sr, Ti, and V. However, it is important to note that
while we used the same hose and water source for both roofs, we did not use DI water
and thus the water itself might contribute to the noise in the data.

Figure 15. The metal runoff concentrations from the gutter testing from the ecoroof and
conventional roof.
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Figure 16. The difference between the unit area loads of metals and nutrients of the
conventional roof over the sampling period. Above 0 shows when the conventional roof
has higher unit area loads compared to the ecoroof and below 0 shows when the ecoroof
has higher unit area loads compared to the conventional roof.
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Looking at the difference of unit area load between the conventional roof and
ecoroof over time shows that the levels of Al, B, Fe, Mg, Na, PO 4-3 and Sr are higher than
in the ecoroof while Zn is higher in the conventional roof (Figure 16).
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Discussion
Through the course of the sampling period, there was overlap in the hydrological
and chemical behavior of the ecoroof and the conventional roof. The ecoroof runoff tends
to be chemically more variable throughout the year.

Hydrology
In terms of hydrology, there tends to be less runoff from the ecoroof compared to
the conventional roof statistically, and retention rates are higher. The retention rates for
this roof (an average of 29% and total of 38%) are close to the 23.2% retention rate found
in a past hydrological study on the same roof, suggesting the roof has maintained
hydrological performance since 2013 (Schultz et al. 2018). It is important to note that
because the flow data for the month of October 2019 was not used for both roofs this
affects our total retention value, but not likely the average retention rate per storm event.
Past research from Schultz et al. (2018) found that October contributes as much runoff as
the beginning of the winter months.
Factors that tend to affect retention rates are air temperature, a proxy for
seasonality and how that affects evapotranspiration rates, and storm intensity. A study
from Corvallis, Oregon, found similar results with test plots (Schroll et al. 2011). They
found the lowest retention during the rainy winter months and highest retention during
the summer. In the dry months, they found the test plots with vegetation had higher
retention levels compared to the control. Both studies suggest that for smaller storm
events, the vegetation helps retain water.
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Finally, in addition to providing retention of precipitation, this facility was shown
to reduce peak flows from runoff events. An independent analysis of the ecoroof
hydrology performed by Portland BES shows that peak flow reduction ranges from 38%
to 98% (Aiona, Personal communication, February 19th, 2020).

Chemistry
In terms of runoff quality from both roofs, metal concentrations tend to be higher
near the beginning of the water year, and decline through the water year. The higher
concentrations of such chemicals as Fe, Pb, and Zn in the beginning of the water year
might be due to the climate of the Pacific Northwest where it does not rain much in the
summer, and thus materials deposited from the atmosphere tend to accumulate.
Al, As, B, Mg, Na, Sr, Ti, V concentrations were consistently higher in the
ecoroof in general. Higher concentrations of Al from the ecoroof relative to the
conventional roof were consistent with results found by Zhang et al. (2015). High levels
of micronutrients such as Mg and Na were also found by Vijayaraghavan et al. (2012).
Concentrations of NO3- and PO4-3 dipped down as winter approached and plants died and
then increased up again with the spring blooming of plants and microbial remobilization,
which was also suggested by Buffam et al. (2016).
Comparing these ecoroof runoff concentrations to street-level influent and
effluent concentrations from street level bioretention facilities in Portland, Oregon,
allows us to put these concentrations in context. Mean concentrations of dissolved Zn are
higher from both ecoroof and conventional roof compared to both the street level facility
influent and effluent (Kohlsmith 2019). Ecoroof runoff concentrations of dissolved Cu
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were slightly higher than both the street level influent and effluent. It is important to note
that ecoroof PO4-3 and NO3- were lower than the effluent from the street level
bioretention facilities.
In terms of water quality standards in Oregon, there are no established metrics for
urban stormwater from the Oregon Department of Environmental Quality (DEQ).
However, the 1200-Z general permit from DEQ for industrial stormwater which provides
water quality benchmarks for total Cu, total Zn, total P, and N as NO 3-NO2 is useful for
putting our runoff values into perspective. Additionally, dissolved As, dissolved Ni,
dissolved Pb, dissolved Cd, dissolved Zn, and total Fe in-stream aquatic life chronic
water quality standards were estimated utilizing 10 years of hardness values from the
Columbia Slough (Table 4). While both standards do not apply to urban stormwater, and
our concentrations are only the dissolved portion of the total metal, they provide a point
of reference.
Table 4. The percent of samples collected from the conventional roof and ecoroof that
exceed the DEQ 1200-z permit. Permit values were total concentrations while runoff
samples were dissolved concentrations.
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From the standpoint of the 1200-z permit, the dissolved concentrations from both
roofs are under 10 percent exceedance compared to the total concentration parameters
(Table 55).
Table 5. The percent of samples collected from the conventional roof and ecoroof that
exceed DEQ in-stream aquatic chronic water quality standards. Water quality standard
values were dissolved concentrations, excluding Fe, while runoff samples were dissolved
concentrations

From the standpoint of standards for dissolved As, Ni, and Pb standards, there
were no concentration exceedances. Dissolved Cd and total Fe were under 5 percent
exceedance for both roofs. However, Zn for both roofs were above 10 percent
exceedance.
In terms of runoff unit area loading, which is important to look at as it accounts
for both runoff flow and concentration, the conventional roof had significantly higher
levels of Zn, Mn, and Cd, while the ecoroof tended to retain these metals. The Zn might
be due to galvanized roof material to prevent rusting (Thomas and Greene 1993). Van
Seters et al. (2009) also found higher unit area loads of Zn, and Cd runoff from a
conventional roof.
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The ecoroof runoff had significantly higher loads of Al, As, B, Ba, Cr, Fe, Mg,
Na, Sr, Ti, and PO4-3 compared to the conventional roof, which can be attributed to the
media and the plants on them. When comparing to the unit area loading results of Van
Seters et al. (2009), the same relative relationship was found between ecoroof and
conventional roof for PO4-3, Ba, and Sr. There is a lot of disagreement between this study
and those two studies showing the high variability in water quality concentration and unit
area loadings.
Ecologically, the ecoroof retains chemicals that have been shown to be correlated
with fish embryonic developmental symptoms and mortality such as Cd and Zn
(McIntyre et al. 2014). However, in regard to ecoroof runoff sources, higher levels of Al
in water have been shown to cause a decrease in the activity of certain fish and increased
mortality as well (Poleo et al. 1997). The excess PO4-3 is an important chemical to pay
attention to in the future as it can contribute to eutrophication and other water quality
issues downstream (Khan and Ansari 2005).

Environmental and roof variables
The second objective of this study was to see the role of environmental and roof
variables and how they affect ecoroof runoff chemistry. This was important to help
explain the higher level of variability in water quality concentrations and unit area
loadings.
The conventional roof is a source of Zn, while the ecoroof retains this metal. This
is verified from the bulk deposition collector loadings, as the load leaving the
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conventional roof runoff is higher than the loading coming in from the atmosphere. The
gutter blank samples show that there is no contribution of Zn by gutters to the runoff. Zn
has been a known concern in conventional roof runoff, backed by studies by Okita et al.
(2018) and Deshmukh (2019) which also found similar results.
While the ecoroof is located relatively close to a freeway and airport, those areas
appear to be far enough to not negatively impact water quality, as bulk deposition
concentrations appear to be far lower than catchments in Los Angeles (Sabin et al. 2005;
Karner et al. 2010). For analytes with significantly higher unit area loads in ecoroof
runoff compared to the bulk deposition values, it is clear that the ecoroof is the source of
those metals, as the runoff loadings are higher than the bulk deposition loading. The longterm analysis of ecoroof media shows that the growth media pH is decreasing over time
which might explain the release of soil cations and metals like Al and Fe from the
ecoroof (Bolan et al. 2003). Additionally, metals like Al and Fe appear to be more
naturally abundant in the media, as opposed to Zn, and that would explain the levels
coming off the roof.
The gutter blank samples also show that while there is no contribution of the
gutter material to Al, Cr, Cu, Fe, Ni, Zn, and Pb concentrations, the gutter material might
be a source for As, B, Ba, Cd, Co, Mg, Mn, Mo, Na, Sr, Ti, and V. It is important to note
that we used water from an irrigation hose instead of DI-water which might skew these
results.
PO4-3 is related precipitation and air temperature, a proxy for plants and
seasonality. As precipitation increases, PO4-3 may be desorbed and vulnerable to loss. As
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air temperatures increase, there would hypothetically be mobilization and release of
nutrients from microbial decomposition. This is also consistent with the fact that nutrient
concentrations in runoff are lower in the fall and winter and slowly rise in the spring.
These results align with findings in with Buffam et al. (2016), who found similar trends
with their study.

Research going forward
The limitation of this study was that it was only for one water year. Long term
monitoring performed in a similar fashion as this study would be important, given that
seasonal and annual trends can vary throughout the years. This form of research would
build upon the results from this study and help understand and model ecoroof chemical
behavior. Another source of improvement in this study would be to measure the total
(particulates and dissolved) analytes in the runoff to allow for a more direct mass balance
between bulk deposition input, as related studies suggest that total metals can be up to 4.5
times higher than dissolved metals in effluent and influent (Kohlsmith 2019).
Ecoroofs are complex engineered systems but because they are human made, they
can be further engineered to reach performance goals. Optimizing ecoroof performance is
an important direction for future study into these BMPs. One option for further study is to
look more into ecoroof media and media customization. Various substrates have different
metal leachate characteristics depending on the material and on the presence of plants
(Alsup et al. 2010). There is promising research using drinking water treatment residuals
for decreasing phosphorus concentrations (Palmer et al. 2013). Studies by Poor et al.
(2018) with mycorrhizae-inoculated growth media showed reductions in total phosphorus
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and copper. Lime and Ca additions is a technique that has been used in agricultural and
natural systems to raise soil pH (Bolan et al. 2003).
Finally, biochar studies in the field show evidence that certain biochar types help
decrease runoff quantity and runoff nutrient concentrations, meaning there is less runoff
loading of potentially ecologically harmful chemicals (Kuoppamaki et al. 2015).
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Conclusion
In summary, ecoroofs are important for reducing the hydrological impacts of the
urban landscape on surrounding natural systems. They reduce the amount of impervious
surfaces in cities, and offer the ecosystem services of discharge reduction, retention, peak
attenuation and lag. This study shows that metals such as Cd and Zn were retained in the
ecoroof relative to the conventional roof. However, there can be a risk of these systems
potentially introducing additional metals that are already naturally occurring at high
concentrations in soil, and nutrients such as Fe, and Al, and PO 4-3, into natural
waterbodies, contributing to pollution concerns.
Based on our study, there is evidence that the mechanisms for these water quality
issues are due to the composition and chemistry of the growing media and seasonal
microbial biogeochemical processes. More work is needed to inform the optimization of
these systems further with technologies like soil amendments, and resin socks. Finally,
ecoroofs might have issues as a standalone stormwater BMP, but are important in
systems approaches to urban planning. What matters for ecoroofs is what is downstream.
For instance, if the ecoroof drains to a treatment plant, or another stormwater facility as
part of a greater treatment train, then ecoroofs are a wonderful tool.
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Appendix A: Storm summaries

Table A1. The summary statistics of the 30 storm events over the 10 month sampling
period.
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Appendix B: Sample collection

Figure A1. The samples collected from the ecoroof and conventional roof over the
sampling period.
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Appendix C: Runoff Concentration Summaries
Table A2. The mean, median, standard deviation, minimum, and maximum
concentrations values from the runoff of the conventional roof and ecoroof over the
sampling period as well as the gutter blank values from both roofs.
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Appendix D: Broken Stick Model

Figure A2. the broken stick model of the PCA analysis of conventional roof and ecoroof
hydrology and unit area loads over the sampling period.
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Appendix E: PCA Eigenvectors
Table A3. The eigvenvectors of PC1 from the PCA analysis of conventional roof and
ecoroof hydrology and unit area loads over the sampling period.
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Appendix F: Runoff Chemical Unit Area Loading Summary
Table A4. The mean, median, standard deviation, minimum, and maximum and total unit
area loads for metals and nutrients from the conventional roof and ecoroof over the 27
storm events (17 storms for nutrients). Units are in mg/m 2. Bold denotes statistical
significance (p<0.1).
Chemical Roof
Total
Mean
Median SD
Min
Max
Conventional
0.81
0.03
0.01
0.05
0.00
0.17
Al
Eco
9.43
0.35
0.23
0.42
0.00
1.50
Conventional
0.05
0.00
0.00
0.00
0.00
0.02
As
Eco
0.22
0.01
0.00
0.01
0.00
0.02
Conventional
0.32
0.01
0.01
0.02
0.00
0.07
B
Eco
1.45
0.05
0.04
0.06
0.00
0.22
Conventional
4.97
0.18
0.15
0.07
0.07
0.35
Ba
Eco
4.09
0.15
0.10
0.15
0.00
0.46
Conventional
0.09
0.00
0.00
0.02
0.00
0.08
Cd
Eco
0.00
0.00
0.00
0.00
0.00
0.00
Conventional
0.07
0.00
0.00
0.01
0.00
0.05
Co
Eco
0.05
0.00
0.00
0.00
0.00
0.02
Conventional
0.02
0.00
0.00
0.00
0.00
0.00
Cr
Eco
0.04
0.00
0.00
0.00
0.00
0.01
Conventional
0.17
0.01
0.00
0.02
0.00
0.06
Cu
Eco
0.43
0.02
0.00
0.04
0.00
0.19
Conventional
1.92
0.07
0.03
0.12
0.00
0.52
Fe
Eco
8.88
0.33
0.25
0.34
0.00
1.08
Conventional
26.98
1.00
0.75
0.80
0.13
3.23
Mg
Eco
222.94
8.26
5.32
8.28
0.00
28.28
Conventional
0.88
0.03
0.01
0.05
0.00
0.19
Mn
Eco
0.09
0.00
0.00
0.01
0.00
0.02
Conventional
0.03
0.00
0.00
0.00
0.00
0.00
Mo
Eco
0.05
0.00
0.00
0.00
0.00
0.01
Conventional
136.41
5.05
2.08
6.62
0.24
29.59
Na
Eco
613.62
22.73
17.82
21.51
0.00
79.52
Conventional
0.10
0.00
0.00
0.01
0.00
0.04
Ni
Eco
0.04
0.00
0.00
0.00
0.00
0.02
Conventional
0.05
0.00
0.00
0.01
0.00
0.05
Pb
Eco
0.00
0.00
0.00
0.00
0.00
0.00
Conventional
1.20
0.04
0.04
0.04
0.00
0.16
Sr
Eco
14.68
0.54
0.36
0.55
0.00
1.87
Conventional
0.01
0.00
0.00
0.00
0.00
0.00
Ti
Eco
0.42
0.02
0.00
0.02
0.00
0.09
Conventional
0.04
0.00
0.00
0.00
0.00
0.01
V
Eco
0.82
0.03
0.02
0.03
0.00
0.10
Conventional
14.47
0.54
0.44
0.54
0.00
2.01
Zn
Eco
3.29
0.12
0.00
0.26
0.00
0.97
Conventional
12.96
0.76
0.16
1.35
0.00
5.17
NO3 Eco
9.15
0.51
0.01
1.13
0.00
4.24
Conventional
3.64
0.21
0.08
0.36
0.00
1.45
PO4 Eco
18.81
1.05
0.44
1.38
0.00
4.26
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Appendix G: Roof Bulk Deposition Input Concentrations
Table A 5. The total metal bulk deposition concentration input of metals from October
2018 to the end of May 2019.
Chemical Concentration (ppb)
B
4.07
Na
665.27
Mg
220.38
Al
137.06
Ti
4.61
V
0.51
Cr
0.94
Mn
12.27
Fe
230.33
Co
0.63
Ni
1.01
Cu
7.94
Zn
76.66
As
0.15
Sr
4.90
Mo
0.14
Cd
0.06
Ba
8.81
Pb
1.92
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Appendix H: The Flow Chart of the Experiment Design
Figure A3. The flow chart summary of this study’s experimental design that investigated
the chemistry the ecoroof and conventional roof runoff and the environmental and roof
variables that affected it.

